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Abstract:  
This Ph.D dissertation aimed at the comprehensive understanding and the 
constitutive modeling of the mechanical behaviours of the surface mechanical attrition 
treatment (SMAT) treated AISI304 stainless steel sheet under a large range of loading 
rates. SMAT treated AISI304 stainless steel sheets are multi-layered functionally 
graded materials (FGM). The main research results and conclusions are summarized 
as followed: 
(1) The overall rate sensitivity SMAT treated AISI304 stainless steel sheet is 
characterized by the double shearing test under quasi-static and dynamic loading 
where a large strain can be achieved without geometry instability. Impact double 
shear test are performed with a large diameter Hopkinson bar system and an adapted 
equal-impedance clamping device. Significant rate sensitivity is found. It is also 
observed that such a rate enhancement does not induce an important reduction of the 
ductility.  
(2) In order to extract accurate material information from the double shear tests, 
their testing conditions are thoroughly analyzed using numerical simulation.  
Numerical models including clamping devices have been built to investigate the 
influence of this clamping device at the early stage of loading. A limited effect was 
found for various imperfect testing conditions such as the clamping device stiffness, 
non-homogeneous stress and strain fields, non-equilibrium state, etc. On the contrary, 
numerical and analytical study shows that the simple small strain assumption usually 
used in double shear tests are not accurate enough. Eulerian cumulated strain 
definition should be used to get consistent numerical results. From this finding, the 
experimental rate sensitivity obtained for the SMAT treated AISI304 stainless steel 
sheet are recalculated. 
(3) A multi-layers elastic plastic damageable constitutive model is proposed to 
model SMAT treated AISI304 stainless steel sheet. The parameters are identified 
using tensile testing results. The elastic plastic behavior is curve fitted with a simple 
Ludwig hardening model. However, the damage parameters should be identified using 
an inverse method on the basis of numerical simulation of these tensile tests. In order 
to validate this multi-layer elastic plastic damageable constitutive model, 
indentation/piercing tests on SMAT treated AISI304 stainless steel sheet are 
performed. Numerical simulation of this indentation/piercing tests is also realized. It 
Abstract 
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is found that the identified multi-layer elastic plastic damageable constitutive model 
allows for a quite accurate prediction of the experimental piercing tests. 
(4) In order to evaluate the impact anti-piercing capacity of the SMAT treated 
AISI304 stainless steel sheet, the impact perforation tests using Hopkinson bar are 
carried out. Numerical simulation of these impact perforation tests are realized with a 
similar FEM model as the quasi-static case. As the rate sensitivity of SMAT treated 
AISI304 stainless steel sheet is experimentally characterized with double shear test, a 
rate sensitive multi-layer elastic plastic damageable constitutive model is introduced. 
The numerical results agree well with the experimental ones, which indicates the 
effectiveness of the numerical model as well as the rate sensitive multi-layer elastic 
plastic damageable constitutive model. 
 
Key words: Functionally graded multi-layered sheet metals; SMAT treated AISI304 
stainless steel; Rate sensitivity, Double shear tests; Hopkinson bars; Elastic plastic 
damageable model.  
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Résumé:  
Cette étude vise à bien comprendre puis à modéliser le comportement mécanique 
dans une large plage de vitesse de déformation des tôles d’acier austénitique AISI304 
ayant subis un traitement d'attrition mécanique de la surface (SMAT). Ces tôles ainsi 
traités sont des matériaux multicouches avec un gradient de propriétés. Les princiaux 
résultats obtenus sont résumés comme suit：  
(1) La sensibilité globale à la vitesse déformation des tôles d’acier austénitique 
AISI304 traités avec SMAT est caractérisée par des essais de double cisaillement sous 
chargements quasi-statiques et dynamiques, qui permet d’atteindre une grande 
déformation sans instabilité geométrique. Des essais de double cisaillement sous 
impact sont réalisés à l’aide des barres de Hopkinson de grande diamètre et un 
système d’attache qui a une même impédance acoustique que la barre. Une sensibilité 
significative a été révélée et on observe ce renforcement n’a pas induit une réduction 
importante de la ductilité.  
(2) Dans le but d’un meilleur dépouillement de ces essais de double cisaillement, 
leur conditions d’essai est analysé dans le détaillé. Le modèle numerique avec le 
système d’attache a été construit pour étudier l’influence du système d’attache au 
debut de chargement. On trouve un effet limité pour les diverses conditions 
imparfaites des essais comme la souplesse de système d’attache, des champs 
mécaniques non-homogènes, l’état de non-équilibre, etc. Par contre, les études 
numerique et analytique ont démontré que l’hypothèse simple de petites perturbations 
habituellement utilisé pour le dépouillement de ces essais n’est pas suffisemment 
précise. La déformation Eulérien cumulée doit être utilisée pour obtenir un résultat 
numerique correct. A partir de ce résultat, la sensibilité à la vitesse déformation des 
tôles d’acier austénitique AISI304 traités avec SMAT obtenue expérimentalement a 
été retouchée.  
(3) Un modèle multicouche elasto-plastique en dommageable a été proposé pour 
décrire le comportement des tôles d’acier austénitique AISI304 traités avec SMAT. 
Les paramètres sont identifiées à partir des essai de traction. La partie elasto-plastique 
est calée par une loi d’écrouissage de type Ludwig. Par contre, les paramètres 
d’endommagement sont obtenues avec une méthode d’identification inverse sur la 
base de simulation numerique de ces essais de traction. Pour valider ce modèle multi-
couche elasto-plastique dommageable, un essai d’identation/perforation est realisé sur 
des tôles d’acier austénitique AISI304 traités avec SMAT. Des simulations 
Résumé 
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numeriques correspondantes montres que ce modèle multi-couche elasto-plastique en 
dommageable une prédiction plutôt précise de ces essais de d’identation/perforation. 
(4) Pour évaluer la performance anti-perforation des tôles d’acier austénitique 
AISI304 traités avec SMAT, des essais de perforation sous impact a été realisés avec 
des barres de Hopkinson. Numeriques simulations de ces essais de perforation sous 
impact sont realisées avec un modèle numerique comparable avec le cas quasi-
statique.  ́tant donne que la sensibilité globale à la vitesse déformation des tôles 
d’acier austénitique AISI304 traités avec SMAT est caractérisée par des essais de 
double cisaillement, la sensibilité à la vitesse a été introduite dans le modèle multi-
couche elasto-plastique en dommageable. Le résultat numerique correspond bien à la 
mesure expérimentale, ce qui indique non seulemnt l’efficacité du modèle numerique 
mais aussi celle du modèle multicouche elasto-plastique en dommageable. 
  
Mots clés: Tôles métalliques multicouches à gradient de propriétés; Tôles d’acier 
austénitique AISI304 traités avec SMAT; Sensibilité à la vitesse; Essais de double 
cisaillement; Barres de Hopkinson; Modèle elasto-plastique dommageable.  
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Chapter 1 Introduction 
1.1 Background of FGM 
Functionally gradient materials (FGM) in some extent can be understood as 
composite materials with a property gradient in order to create a material with an 
optimized global property. For example, the biological materials in nature are 
functionally graded materials. In order to adapt to the living environment, the 
biological materials such as bamboo, bone, tortoise shell, trees and animals
[1-6]
 (see 
Figure 1.1) have a density gradient which allows achieving both high strength and 
high toughness with a low global density.  
 
Figure 1.1 Body armors of animals and plants 
The concept of functionally gradient materials (FGM) was initially introduced in 
1984 by material scientists in the Sendai area in Japan as a means of preparing 
thermal barrier materials in space-planes to withstand thermo-mechanical loading
[7]
. 
They used heat-resistant ceramics on high-temperature side and tough metals with 
high thermal conductivity on the low-temperature side with a gradual compositional 
variation from ceramic to metal. FGM is thus defined as composite materials because 
of its microscopically inhomogeneous character. However, there are differences 
between FGM and conventional composite materials. The differences in 
microstructure and properties between them are shown schematically in Figure1.2.  
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Figure 1.2 Comparisons of FGM and non-FGM
[7]
 
According to the requirements of applications, the composition and the 
organization can continuously change in design and manufacturing process of FGM, 
which leads to the gradient in materials without obvious interfaces. Meanwhile, 
compared with the conventional materials, the graded materials are actually optimized. 
Therefore, superior properties of graded materials can be obtained. 
Nature is always a master in design of such materials
[8-9]
. The performance of 
monolithic components in general is not the best, but they can be bonded together to 
form biological FGM with very good mechanical properties. A recent research
[10-11] 
analyzed the scales of an ancient fish. By using the complex hierarchical structures, 
the fish scale characterized by a decreasing stiffness and an increasing energy 
absorption capacity from outer to inner layers, served as body armors to resist impact 
damage. Such hierarchical materials as the fish scale spread impact force by the hard 
surface layer and absorb the energy by soft interior layers. Therefore they will provide 
better penetration-resistance and high weight-efficiency than the monolithic materials 
(see Figure 1.3). 
In order to adapt the particular surviving environment, biological organisms 
system can even optimize their mechanical properties to adjust the surrounding 
situations
[12] 
and finally form different hierarchies in different levels from molecular 
to nano, micro and macro scales
[13]
. Gradient structures of natural biological materials 
are the form of hierarchical and ordered features, which shows good mechanical 
properties on high strength, meanwhile improving toughness. 
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Figure 1.3 Topography of different material layers(a) and  
Distance-Hardness & Distance-Modulus curves
[10] 
The human being can be inspired by these biological hierarchical structures to 
design graded materials to resist impact by using outer hard materials to disperse the 
impact force while the inner soft material can absorb the energy to protect human 
body
[14]
. For example, the FGM made of metal matrix composites enhanced by 
ceramics could be used in tanks, armored vehicles, helicopters and attack aircrafts as 
protection armor. Such FGM designed armor offers the advantages of decreasing its 
weight and at the same time enhancing its impact resistance. We can also take 
example in the crashworthiness design in automotive industry. Multi-layered 
structures, gradient can be introduced to enhance energy absorbing capacities.  
In summary, FGM concept has been recently introduced by material scientists 
and it spreads out in many related domains with wide prospective engineering 
applications. In particular, it offers a new trend in impact performance and 
crashworthiness designs.  
1.2 Current FGM Researches 
1.2.1 Manufacturing path of functionally graded materials 
Generally, functionally graded materials are divided into two types: the 
continuous functionally graded materials with a continuous gradient changing from 
one side to another side and the multi-layered functionally graded materials produced 
by bonding different materials. 
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1.2.1.1 Fabrication for continuous Functionally graded materials 
Most of traditional manufacturing methods such as CVD/PVD, powder 
metallurgy, plasma sprays and self-propagating combustion synthesis (SHS) can be 
used to fabricate FGM. These processes are mostly involved in making FGM thermal 
barrier. 
The surface treatment techniques can also create property gradient through the 
treatment thickness. Indeed, the failure mechanism of metallic materials such as 
fatigue cracks and erosion often starts from the surface, a surface treatment is then 
necessary to improve the serving life of material. Taking surface nanocrystallization 
technique as an example
[15-17]
, mechanical performance and chemical performance 
after surface nanocrystallization are enhanced because a nanocrystallizing layer has 
been induced and the grain size has been gradually increased from the surface to core. 
This microstructure gradient induces hardness gradient through the depth
[16-18]
. 
Surface nanocrystallization technique can therefore produce a graded material. 
1.2.1.2 Fabrication for Multi-layered Functionally graded materials 
Common manufacturing methods for multi-layered functionally graded material 
include repeat rolling, cold roll bonding, accumulative roll bonding (ARB)
[19-21]
. 
Actually, these methods are solid state welding techniques, where the metal sheets can 
bond together at atomic level because of the large deformation of metallic materials, 
which is obtained as a permanent secure connection.  
Gajananp and co-workers
[22]
 developed an analysis on the roll bonding of multi-
layered bimetals in order to give laminate composites and applied to Ti-Al system. 
The model gave qualitative information on the conditions suitable for roll bonding. 
With the increase of passes, two elements spread well into each other and the bonding 
ability becomes more and more solid. Carreno and co-workers
[23]
 processed a seven 
layer steel based (mild steel and ultrahigh carbon steel, UHCS) laminated composite 
by roll bonding. It is found that this laminated composite has a better capacity of 
energy absorbing because the nucleation of new cracks from one material layer to the 
next layer is more difficult. Figure 1.4 shows SEM micrograph of the graded multi-
layered steel sheet. It is clearly displayed that the grains of two kinds of steels have 
been refined to some extent, and there is a bond of Carbide at the interface, which 
provides the best connection for the two kinds of steels. 
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Figure 1.4 Micro-structure of the multi-layered graded sheet steel
[24] 
Back to 1980, Moore and co-workers
[25]
 already developed composite fabrication 
techniques for the reinforcement of a precipitation-hardening aluminium alloy 
(Duralumin) with stainless steel and maraging steel (also for the reinforcement of 
titanium alloys with high strength steel) using hot-cold rolling. Wu and co-workers
[24]
 
performed many genuine solid-state-bonding experiments for a great number of 
metals, including superplastic ultra-high-carbon steel, Fe–Ni–Si alloy, manganese 
steel, brass, stainless steel, iron-silicon alloy as well as two superplastic aluminum 
alloys. Tamotsu and co-workers
[26]
 developed a new method for producing laminated 
Mg-Ni binary hydrogen storage materials by a repetition of alternative stacking and 
cold rolling, combined with final heat treatment. 
Accumulative roll bonding (ARB) method has been practised by Eizadjou and 
co-workers
[27]
 on Al/Cu graded multi-layered material. ARB process of primary 
Al/Cu multi-layer sandwich involves two main steps: the first is the surface treatment 
which includes degreasing of bonding surfaces of primary multi-layer (outer 
aluminum layers) by acetone, air drying and then scratch brushing the degreased 
surfaces by a circular steel brush. The second step is the concurrent rolling of the 
stacks of primary multi-layer sandwich at a rolling speed of 5 rpm repeated 5 times at 
room temperature. These steps resulted in layered Al/Cu composites using severe 
plastic deformation. The time between surface treatment and rolling was maintained 
less than 60 s in order to avoid re-formation of oxide layers on the surface.  
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It is also possible to use other bonding techniques. Kundu and co-workers
[28]
 
carried out the solid-state diffusion bonding between commercially pure titanium and 
304 stainless steel using 300μm copper interlayer. Coalescence of elements play an 
important role to avoid problems mentioned above. Zeng and co-workers
[29-30]
 glued 
aluminum plates and aluminum foam into functionally graded structure. Wadley and 
co-workers
[31]
 made sandwich graded structures with filling alumina into aluminum 
frames. Yu and co-workers
[32]
 produced graded plates consisting of layered structures 
with two stack sequences prepared by vacuum hot pressure diffusion processing.  
1.2.2 Mechanical properties of graded materials under impact 
loading 
The advantage of graded materials basically lies in the possibility to adapt the 
property gradient to the loading environment so that the stress levels in the whole 
structure are optimized. It is evident that the property gradient will have no advantage 
in a homogeneous loading environment. Thus, graded materials are mostly used in the 
situation where the loading is not uniform. Typically, a non-uniform loading 
environment is found under dynamic/impact loading such as stress wave propagation, 
crack propagation, armor perforation, etc. Therefore, the current research of FGM on 
its mechanical properties is focused on these loading conditions. 
1.2.2.1 Stress wave propagating in functionally graded materials 
Because of different wave impedance of different FGM components, the wave 
propagation in the FGM materials is governed by the reflection and transmission at 
the interface. Tasdemirci and co-workers
[33]
 performed compression tests under 
dynamic loading using Hopkinson bar and numerical simulations on multi-layered 
graded material ceramic/metal matrix composites. The wave signals measured in the 
pressure bars and stress distributions through the thickness are shown in Figure 1.5(a) 
and Figure 1.5(b).  
It indicates that wave impedance mismatching leads to a discontinuous stress 
distribution in the interface between the different layers and influences the energy 
absorption capability. Furthermore, the subsequent experimental and numerical 
studies on metal-ceramic FGM led by Tasdemirci and his co-workers
[34-35]
 show that a 
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low modulus material in between the metal layer and ceramic layer as an interface 
could reduce stress wave transmission. 
 
Figure 1.5 Stress-Time curves of the multi-layered graded sheet (a) and axial stress distribution 
through the thickness for three different time values (b)
[33]
 
Chakraborty and Gopalakrishnan
[36]
 explained by finite element method analysis 
that the wave propagation in graded materials depends on composition distributions 
through the thickness. Berezovski and co-workers
[37] 
numerically investigated two-
dimensional stress wave propagating in layered FGM and continuous FGM. The 
numerical results show that the stress wave propagation is closely related with the 
gradient generated by enhancement phase proportion along the thickness. Han and 
Liu
[38-39]
 studied numerically the wave propagation in a FGM where the elastic 
constant and the density vary in the form of quadratic function. Bruck
[40]
 developed 
even a design method for FGM by studying wave propagating rule in FGM.  
Li and Ramesh
[41]
 investigated the dynamic response of functionally graded 
plates by numerical method. The results show also that wave propagation feature is 
influenced by composition distributions. It is noticed that such numerical method has 
a limited layer size and it leads to a discretized analysis as shown in Figure 1.6.  
(a) (b)
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Figure 1.6 The specific gradations investigated by Li
[41]
 
1.2.2.2 Dynamic fracture of functionally graded materials 
Li and his co-workers
[42]
 performed compression tests on FGM of Ti6Al4V-
Al3Ti under quasi-static loading (0.001/s) and dynamic loading (800-2000/s) in order 
to study the crack propagation and the damage evolution. The results show that crack 
density measured for a given macroscopic damage level is higher after dynamic 
loading than under static case. Masahashi and his co-workers
[43]
 performed shear tests 
on the rolled Fe-Al alloy and CrMo steel. It is found that the crack starts from the 
interface and spreads out to base material (CrMo) with increasing strain levels. 
Eizadjou and co-workers
[27]
 realized tensile tests of Al/Cu multi-layered FGM 
(obtained through ARB method at room temperature). It is found that the material 
strength is enhanced and the fracture strain decreased with an increasing rolling 
passes. 
Markaki and co-workers
[44]
 analyzed the energy absorption capacities of various 
multi-layered metal/ceramic FGM using tensile tests, three-point bending tests and 
penetration tests. Carreno and co-workers
[23]
 performed indentation tests and notch 
impact tests and found that the gradient improves impact performance of FGM. They 
argued that the main reason lies in that the crack can rotate under impact loading and 
this makes the crack renewing in the next material layer more difficult. Wu and co-
workers
[24]
 carried out tensile tests on three layers graded plates obtained by rolling 
and found that the graded plate has a larger fracture strain. The cross-sectional post-
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mortem observation indicates that the voids start near the cracks under a certain strain 
instead of more dangerous delamination (see Figure 1.7). 
 
Figure 1.7 A specimen section of three-layer graded laminate sheet: 304ss/UHCS/304ss
[24]
 
1.2.2.3 Armor protecting study on functionally graded materials 
The armor protection capability is mainly evaluated by the absorbed energy, 
target damage and residual velocity of the projectile etc. in the ballistic tests. Figure 
1.8 shows a schematic drawing of the penetration of armors.  
 
Figure 1.8 Schematic drawing of armor penetration 
 
A: Frontier area of impact wave
B: Avalanche area (tensile stress)
C: Shear area
D: High pressure area
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The contact surface of armor-target suffers from compression stress, while the 
back surface of the target suffers from tensile stress when penetrating on protecting 
armor. 
Therefore, a good protecting armor requires a back surface with higher tensile 
strength, a larger fracture strain in a whole, a higher vertical shear resistance and a 
strong capability of energy absorption
[45] 
. 
Yu and co-workers
[32,41]
 performed experiments and numerical research of 
functionally graded plate made from metal matrix composites in order to investigate 
the anti-penetration behavior. The location of occurrence maximum stress, the 
distributions of cumulative strain and the influence of gradient on maximum stress are 
obtained.   
Hetherington and co-workers
[46]
 performed a series of projectile impact tests on 
various graded plates. The results show that multi-layered graded plate has higher 
energy absorbing capability than that of equivalent thickness monolithic plate. 
Wadley and co-workers
[31]
 made high speed impact tests on sandwich structure with 
6061-T6 frame filled with Al2O3. The penetration resistance has been evaluated by 
ballistic limit velocity and residual velocity. Drop hammer impact tests on helmets 
(Hui and co-workers
[47]
) shows also that multi-layered graded metal/composite 
materials has an excellent anti-penetration performance.  
Fiber/metal graded materials integrate the advantages of metal and composite 
materials. Fox example, the metal with isotropic properties can resist high impact 
forces due to high strength and toughness, while the fiber reinforced composite 
material has good anti-fatigue capability. He and co-workers
[48]
 performed ballistic 
tests on six groups graded plates with GFRP layered plate at velocity of 70 m/s to 
investigate their energy absorption performance. The energy absorption capability of 
graded plates has been enhanced with the increasing portion of GFRP plate. It is also 
found the multi-layered graded plates with thickness ratio of GFRP of 5% are suitable 
for protection armors and multi-layered graded plates with thickness ratio of GFRP of 
30% are suitable for human body protection.  
Puente and co-workers
[49]
 experimentally and numerically performed high speed 
impact tests on ceramic/polymer/metal gradient armored plates. The influence of 
polymer thickness on the penetration resistance and the optimal thickness of polymer 
layer are studied. It shows that the overall properties can be improved by 
metal/ceramic graded material with a soft material as joining interfaces. Yadav
[50]
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executed high speed penetration tests on ceramic/polymer/ceramic graded material 
with aluminum plate as a support. The anti-penetration capability of the target plates 
evaluated by residual depth of the projectile in the support plates. The results confirm 
that the anti-penetration capability in multi-layered graded plates is enhanced because 
the polymer layer reduced the velocity of stress wave propagation and arrested cracks.  
A number of published works ( Radin et al
[51]
, Marom et al
[52]
 ,Corran et al
[53]
 Gupta 
et al
[54]
, Huang et al
[55-56]
 ,Flores-Johnson et al
[57]
) shows more or less similar results 
on various FGM plates at various impact velocities.  
Another more exotic study on the graded cellular materials is also reported in the 
literature. Cellular materials as foams and lattice materials are basically used for the 
energy absorption under impact loading. As an example single layer sandwich (Figure 
1.9a, Liu
[58]
 ) or multi-layer sandwich (Figure 1.9b, Wadley et al
[59]
, Wang et al
[60]
) 
can be used as protective shielding structure.  
 
Figure 1.9 Specimens of different lattice structures (a)
[58]
and(b)
[59]
 
Graded cellular materials can be produced and used as core materials. For 
example, Zeng and co-workers
[29]
 performed penetration test on graded sandwich 
structure (see Figure 1.10) under impact velocity of 21m/s and 41m/s to investigate 
the influence of density/strength gradient on impact behavior of FGM core sandwich. 
The core layer with density gradient of the specimen lined with arrow is shown in 
Figure 1.10(a) and the density distribution is shown in Figure 1.10(b).  
(a) (b)
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Figure 1.10 Graded specimen(a) and Density profile for the graded specimens(b)
[29] 
It is found that density gradient has a great influence on the piercing force and 
the energy absorption. 
1.2.3 Summary 
The abovementioned research background of FGM shows that the FGM is still a 
very active research domain. It is interesting not only for material scientist in their 
manufacturing methods but also for mechanical engineer or scientist in their property 
understanding.  
In mechanical engineering, these investigations are mainly concentrated on the 
mechanical strength, thermal conductivity, fracture characteristics, and energy 
absorption capability. The previous studies suggest that the introduction of a property 
gradient can improve the overall mechanical property, especially under impact 
loading. Therefore, understanding the mechanical properties of functionally graded 
materials under impact loading has very important significance in engineering 
applications. 
1.3 Graded sheet metals produced by SMAT 
1.3.1 Introduction of Surface mechanical attrition treatment 
(SMAT) 
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Surface mechanical attrition treatment (SMAT) is a new approach to effectively 
upgrade the mechanical properties of treated surface layer of metallic materials
[61-62]
. 
It consists of generating grain refinement of treated surface layer by the random large 
plastic strain due to the random impact of steel balls. 
Figure 1.11(a) shows a schematic illustration of the SMAT set-up. Stainless steel 
balls (shots) of proper diameter were placed at the bottom of a cylinder-shaped 
vacuum chamber that was vibrated by a generator, with which the shots were 
resonated. The samples are fixed at the top of the chamber. Because of the high 
vibration frequency of the system, the sample surface to be treated was peened by a 
large number of shots in a short period of time. Each peening of the ball to the surface 
will result in plastic deformation in the surface layer of the treated sample (as shown 
in Figure 1.11(b)). 
 
Figure 1.11 Schematic illustrations of the SMAT set-up(a)and the localized plastic deformation in 
the surface layer by the impacting of the shot(b)
[63]
 
As a consequence, repeated multidirectional peening at high strain rates onto the 
sample surface leads to severe plastic deformation in the surface layer. It is observed 
that the yield stress of SMAT treated sheet metals can be outstandingly increased 
without significant reduction in the ductility after SMAT. This phenomenon is 
explained by the grain-size refinement (up to nano scale) in the surface layers. SMAT 
has been utilized for a number of materials. For example, a SMAT treated commercial 
pure titanium has a nanostructured surface layer up to 50 μm thick[64]. It is also 
observed that there is no obvious interface between the nanostructured surface layers 
and the base layer. Thus, the SMAT is considered as a new attempt to produce the 
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multi-layered graded sheet metals without any discontinuity between the graded 
layers. 
It is also possible to combine SMAT with other bonding methods. For example, 
Chen and co-workers
[65]
 produced a new multi-layered graded material with higher 
yield stress and fracture strain than monolithic material using accumulative roll 
bonding method to joint SMAT treated layers.  
1.3.2 SMAT treated graded AISI304  stainless steel sheet 
AISI304 austenitic stainless steel sheet is a widely used engineering material. It 
is reported
[66]
 that the SMAT treated AISI austenitic stainless steel sheet has a much 
higher yield stress and a higher fracture strain as well. There is a real potential for a 
wide industrial use of such somehow enhanced materials. It is then necessary to 
further understand its mechanical properties and finally a pertinent material model. 
The main microstructural feature of SMAT treated austenitic stainless steel sheet 
is the gradient of grain-size induced along the thickness direction, which leads to 
multi-layers with graded mechanical properties. Such a microstructural feature is 
easily checked by micro indentation test through the thickness of sheet. A micro-
indentation test provides a hardness measurement for materials from the past three 
decades. It could be roughly related with the yield stress of the material at the 
indented location. So far, it is even a common method for determining materials 
properties used in small-scale analysis, such as hardness and Young's modulus of 
materials
[67-68]
, the residual stress
[69-72]
 and plastic properties of materials
[73-86]
.  
Figure 1.12(a) shows a typical procedure of hardness measurement of our 1mm 
thick AISI304 austenitic stainless steel sheet treated with SMAT at the both sides. The 
treated plate was cut through the thickness and put into an epoxy support. After 
polishing of the surface, a number of indentation tests were made with a regular 
distance (each 0.2 mm) along the thickness direction and the hardness profile through 
the thickness are obtained. 
Figure 1.12 (b) shows the hardness profiles of SMAT treated AISI304 austenitic 
stainless steel sheet compared with the hardness profile of original (as received) 
AISI304 austenitic stainless steel sheet. The black dotted line and the red dotted line 
represent the hardness of material treated by SMAT and the material as received 
respectively. This hardness measurement reveals that the SMAT induces a gradient of 
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hardness and thus a gradient of yield stress. It shows also an important enhancement 
of yield stress after SMAT.  
 
Figure 1.12 Indentation specimen (a) and Victor hardness (b) 
The overall true stress-strain curves
[87]
 were also obtained by the common tensile 
test using MTSRT-50 tensile testing machine. The geometry of dog-bone shaped 
tensile specimen is described by Figure 1.13. 
 
Figure 1.13 The geometry of dog bone tensile specimen 
More intrusive tests can be realized to further determine the mechanical 
properties of different layers. One can remove the upper and lower outer surfaces and 
carry out the same tensile test on the remaining part of the specimen.  
The true stress strain curves of various tensile tests are shown in Figure 1.14. The 
four following types of specimen are used:  
 
(a) (b) 
 
 
 
 
Thickness direction 
压痕 
(a) (b) 
Indentation 
Specimen 
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(1) 1mm thick AISI304 austenitic stainless steel as received;  
(2) 1mm thick AISI304 austenitic stainless steel with SMAT at both sides;  
 
Figure 1.14 True stress-strain curves of the treated and as-received AISI304 stainless steel of 1mm 
thickness and different testing states of specimens 
(3) 0.7mm thick AISI304 austenitic stainless steel with SMAT at both sides with 
the 0.15mm upper and lower surfaces removed. 
(4) 0.5mm thick AISI304 austenitic stainless steel with SMAT at both sides and 
removed the upper and lower surface of 0.25mm each. 
Such tensile results
[87]
 are in good agreement with the hardness profile shown in 
Figure 1.12b. It confirmed that SMAT treated AISI304 austenitic stainless steel has an 
enhanced yield stress and a gradient of yield stress through the thickness.  
1.4 Aims and outlines of dissertation 
The research work described in this dissertation aims at investigating the 
mechanical properties under impact loading of SMAT treated AISI304 austenitic 
stainless steel sheet. On one hand, AISI304  stainless steel is a widely used industrial 
material and a cheap SMAT treatment induces an important mechanical strength 
enhancement with a limited fracture toughness loss. All these advantages lead 
potentially to an important industrial application. On the other hand, AISI304 
stainless steel is naturally a multi-layer functionally graded material with perfect 
bonding by its manufacturing path and the property gradient has a significant effect 
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on the structural response under impact loading. Furthermore, this property gradient 
can be controlled by the intensity and duration of the SMAT treatment. SMAT treated 
AISI304 austenitic stainless steel sheet is therefore an excellent candidate for energy 
absorbing system as well as armor design.  
For this purpose, a comprehensive study of the mechanical behavior of SMAT 
treated AISI304 austenitic stainless steel sheet under impact loading is desired. In this 
Ph.D research work, first of all, the overall rate sensitivity of mechanical behavior is 
evaluated by the double shear tests with a large diameter Split Hopkinson Pressure 
Bar (SHPB). Numerical models are used afterwards to identify material parameters 
(yield, hardening and damage) of each layer by the inverse method from the quasi-
static tensile tests already presented in the previous section of this introduction. 
Assuming that the rate sensitivity is homogeneous in different layers, a multi-layer 
rate sensitive constitutive model is built.  
In order to validate this multi-layer rate sensitive constitutive model, structural 
penetration tests under quasi-static and impact loading using a Hopkinson bar are 
performed. The testing results are in good agreement with the simulated results using 
our multi-layer rate sensitive constitutive model and this validates the multi-layers 
material model. Further optimization of the gradient profile for a better anti-
penetration response is finally proposed. 
The content includes of six chapters: 
The first chapter is a general introduction. The FGM related topics such as the 
interest, history background, manufacturing path, and their properties are summarized. 
Afterwards, the surface mechanical attrition treatment (SMAT) and the induced 
graded materials are described. Finally, we focused on SMAT treated AISI304 
austenitic stainless steel sheet which is the subject of this Ph. D work.  
The chapter 2 describes the double shear testing of SMAT treated AISI304 
austenitic stainless steel sheet using SHPB technique. The history and the principle of 
the SHPB and the plane-shear tests are introduced at first. Quasi-static and impact 
double shear tests are carried out on the SMAT treated AISI304 austenitic stainless 
steel specimen. Force vs displacement curves at different loading rate are obtained. A 
nominal average strain-stress related at various strain rates can be extracted. 
Unfortunately, the stress-stress curve of tested material cannot be easily derived 
from the directly measured force and displacement time histories in this double shear 
test. Indeed at the early stage, equilibrium state is not yet reached. At final stage, the 
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strain is too big to use small strain assumption. Therefore, we introduce in the third 
chapter the numerical simulation for double shear using ABAQUS. It allows 
analyzing the influences of the length of shear zone and the clamping fixtures on the 
strain uniformity in the shear zone, which is important for the behavior at the early 
loading stage. For the final stage of loading, the strain defined in finite element 
software is analyzed and it is ultimately found that we should use the Eulerian 
cumulative equivalent strain and the equivalent Cauchy stress respectively. 
The chapter 4 reported an inverse method to identify the material parameters to 
describe the yield stress, strain hardening as well as damage until final fracture. It is 
on the basis of numerical simulation of quasi-static tensile tests of specimen with and 
without removal of outer surfaces. Finally, a multi-layers models for the SMAT 
treated AISI304 austenitic stainless steel sheet is proposed. Validation is made with a 
piercing test on the SMAT treated AISI304 austenitic stainless steel. 
Chapter 5 presented at first the penetration tests of a target made of the SMAT 
treated AISI304 austenitic stainless steel sheet under dynamic loading using 
Hopkinson pressure bar. Assuming that the rate sensitivity of different layers is 
homogeneous, a multi-layers rate sensitive elastic-plastic damageable model is built 
with parameters identified in chapter 4. The numerical simulation of the penetration 
test using ABAQUS/Explicit can be performed. The good agreement between 
numerical and experimental results validates this multi-layers rate sensitive elastic-
plastic damageable model and the numerical penetration models. It allows to explore 
numerically the optimal material gradient design for the anti-penetration performance.  
The final chapter is the conclusion.  
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Chapter 2 Rate sensitivity of SMAT treated 
AISI304 austenitic stainless steel sheet  
2.1 Review of Split Hopkinson pressure bar technique 
2.1.1 Set-ups of Split Hopkinson Pressure Bar 
Hopkinson Pressure bar technique was invented in 1914
[88]
 and modified as Split 
Hopkinson pressure bar in 1949
[89]
. It has become nowadays the most widely used 
testing method. It is mainly used to characterize the mechanical properties of 
materials in the strain rate range between 10
2
/s-10
4
/s. A typical SHPB set-up is shown 
in Figure 2.1. It is composed of long input and output bars with a short specimen 
placed between them. A projectile launched by a gas gun strikes the free end of the 
input bar and develops a compressive longitudinal incident wave εI(t). Once this wave 
reaches the bar/specimen interface, part of it εR(t), is reflected, whereas the other part 
goes through the specimen and develops the transmitted wave εT(t) in the output bar. 
Two gauges are cemented at the midpoints of input and output bars to record those 
three basic waves which can be used to investigate the constitutive behavior of the 
specimen.  
 
Figure 2.1 The schematic drawing of Hopkinson bars 
1． Impactor；2. Laser velocimeter；3. Incident bar；4. Strain gauge；5. Specimen；6. 
Strain gauge；7. Transmitted bar；8.Energy absorption bar；9. Bumper 
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The Split Hopkinson Pressure Bars are based on the one-dimensional wave 
propagation theory. Therefore, one can calculate the stress as well as the particle 
velocity from the strain history. It is also possible to time shift the measured signal at 
the position of strain gage to the pressure bar end in contact with the specimen. From 
specimen viewpoint (Figure 2.2), those three waves are simultaneously at the bar 
specimen interfaces.   
  
Figure 2.2 The schematic drawing of waves at bar specimen interfaces 
With the superimposition principle, force and velocity on the specimen-bar 
interface can be calculated from the incident signals, reflected signals and the 
transmitted signals by the following formulas (2.1) 
                     ( )    (  ( )    ( ))             ( )    (  ( )    ( )) 
        ( )      ( )                       ( )      ( )                   (2.1) 
where A and E are respectively the cross section area and Young’s Modulus of 
Hopkinson bars, 0C  is the elastic wave speed in bars. 
For a short metallic specimen, one can assume besides:  
1) The stress and strain fields in the specimen are homogenous;  
2) The inertia effects of specimen under dynamic loading can be ignored;  
3) The friction between the specimen and the ends of input and output bars is 
negligible.  
A nominal average strain rate, strain and stress of the tested specimen can be 
calculated from the basic waves: 
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where   ( )  and   ( )  are respectively the reflected and transmitted strain pulses 
measured by strain gauges, sA  is the area of specimen cross section,    is the 
specimen length. 
2.1.2 Some specific problems in SHPB technique 
2.1.2.1 Large diameter pressure bar/Viscoelastic pressure bar 
Traditional SHPB uses small diameter pressure bar (about 10mm) to meet the 
one dimensional wave propagation assumption. However, when the rock, ceramic and 
concrete should be tested for military or civil engineering applications, large size of 
specimens is needed to ensure the validation of the experimental results. Therefore, 
large diameter SHPB has been developed for characterizing the dynamic properties of 
these materials. For example, Gary and Bailly
[90]
 performed experiments on concrete 
using Hopkinson bar with diameter of 80mm. Fandrich and co-workers
[91]
 
investigated the fracture mechanism of solid grains using Hopkinson bar with 
diameter of 100mm.  
Another practical difficulty is low resistance of cellular material such as 
honeycomb, foam-like materials because the signal/noise ratio in the metallic pressure 
bar is too small. The pressure bar of low acoustic impedance should be used. For 
example, Zhao
[92-93]
 established nylon SHPB with diameter of 60mm to test 
mechanical performance of bulk cellular materials.  
2.1.2.2 Wave dispersions in the time shift of measured impulse 
The Hopkinson bar measurement is based on one-dimensional elastic wave 
theory. According to this theory, the strain signals are not only known at the 
measuring points but everywhere in the bar because an elastic wave can be shifted to 
any distance without distortion. However, the one-dimensional wave theory is not 
always true especially for the large diameter bars, and the geometrical effects should 
be taken into account. In fact, there are wave dispersion effects during the propagation 
of waves in elastic or viscoelastic bars. For the classical Hopkinson bars, the ratio of 
bar diameter over bar length is small enough and this wave dispersion effect is 
negligible. While for large diameter Hopkinson bars, the wave dispersion effects 
should be taken into account. In general, a correction of dispersion on the basis of the 
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theory of three dimensional stress wave propagating in infinite cylindrical rod by 
Pochhammer and Chree
[94-95]
 can be applied. 
Moreover, when the viscoelastic pressure bars are used, the traditional correction 
methods on wave dispersion are not suitable anymore and a correction on the basis of 
3D viscoelastic wave propagation should be chosen. 
2.1.2.3 Inertia effect and friction effect 
In a SHPB test, the energy received by the specimen from the pressure bar is not 
only converted to the strain energy, but also lateral kinetic energy and horizontal 
kinetic energy. Therefore, the strength of the specimen is overestimated if those 
inertia effects are not taken into account. Another problem is the unavoidable friction 
in the compression tests.  
However, it is also possible to eliminate the additional stress caused by inertia 
effect and minimize the friction to determine more realistic experimental results. For 
example, Davis and Hunter
[96]
 proposed a formula to correct the effect of inertia.  
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                            (2.5) 
Klepezko and Malinowski
[97]
 proposed a formula to take account of friction 
effect.  
    
  (  
    
   
)                                         (2.6) 
where，  
  is the measured stress in the specimen,     is the density of the specimen, 
   is the poisson’s ratio of the specimen,    is the diameter of the specimen, and    is 
the length of the specimen. 
2.2 Experimental techniques for characterizing the SMAT 
treated AISI304 austenitic stainless steel sheet using 
SHPB 
2.2.1 Choice of testing technique 
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In order to characterize the rate sensitivity of the mechanical behavior of the 
SMAT treated AISI304 austenitic stainless steel sheet, SHPB as a universal testing 
technique for impact loading should be used. The conventional SHPB compression 
test cannot be applied for this thin sheet metal because of buckling concerns. The 
impact tensile Hopkinson bar test requires specific device as well as a special 
attachment design to avoid early failure at the attaching location or the huge peak 
force at the early stage of the test due to contacting imperfections. 
The remaining possibility is the plane shear test which is usually considered as a 
complementary tool to the standard tensile tests for sheet metals, especially when the 
plastic criterion is desired. Actually, the shear test has even following advantages: it 
permits to realize large strain loading without geometric instability (till 80%). Besides, 
as the plane shear area is very small, at the same impact speed, the strain rate is much 
higher. For all this reason, shear test is chosen to characterize the rate sensitivity of 
the SMAT treated AISI304 austenitic stainless steel sheet.  
2.2.2 Review of impact plane shear test 
The pioneer work of Iosipescu
[98]
 introduced the in-plane single shear fixture for 
sheet metals under quasi-static loading. Figure 2.3(a) shows the basic principle of 
such a concept. Such a fixture was afterwards applied to polymer testing
[99]
 and 
composites testing
[100]
. The well-known Arcan fixture
[101]
 to generate in plane 
combined tension-shear was quite close to this basic concept. However, the 
shortcoming of such testing figuration with a single shear zone is the requirement of a 
rigid clamping system. 
Yoshida and Myauchi
[102]
 proposed symmetric double shear configuration under 
quasi-static tests (Figure 2.3(b)). It improves the stability of the clamping system due 
to the symmetric geometry.  
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Figure 2.3 Configuration of shearing specimen in tests(a)single shearing zone and (b)double 
shearing zone
[103] 
Careful attention should be paid to the geometry of in-plane shear specimen. The 
length of the shear zone and the width of the specimen should satisfy certain 
requirements (seeing in figure 2.4). For example, the ratio of width and thickness of 
the specimen needed to be small enough, namely l/a<10 to avoid buckling of the 
shearing zone. Meanwhile, the ratio of width and length of the specimen should be 
small enough (l/L0<1/10) as well to ensure a large homogeneous shear zone. 
 
(b) 
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Figure 2.4 The double shearing specimen
[103]
 
where, l is the width of shearing area, h is the total width of the specimen, L0 is the 
total length of the specimen. 
Under dynamic loading, shearing tests were initially performed by Campbell and 
Ferguson(1970)
[103]
. They put a double-notched specimen directly in contact with an 
input Hopkinson bar and an output Hopkinson tube. Figure 2.5 provides a schematic 
drawing of this configuration (see Guo et al.
 [104]
). 
 
Figure 2.5 Clamping fixture for small shearing specimen
[104] 
However, a small double-notched specimen (gage length of 0.8mm) was used 
because of the small size of Hopkinson bars. It leads to an important error due to the 
non-homogeneous shear strain and also to the severe plastic deformation of the 
 
Clamp Clamp cover 1 
Clamp cover 2 
Output tube 
Input bar 
Specimen 
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specimen supports. Modifications of the specimen geometry in order to reduce testing 
error was also reported
[105]
 but with a limited improvement because the gage length is 
fixed.  
In order to overcome this difficulty and to adopt a bigger specimen as used in 
most quasi-static cases, an additional co-axis clamping device is designed and placed 
in between a large diameter Hopkinson bar system. This technique was initially 
reported by Klepaczko and co-workers
[106]
 and Gary and Nowacki
[107]
 with 
respectively 30mm and 40mm diameter aluminum bar. 
This new technique offered rather good result provided that there is no 
impedance jump between clamping device and the Hopkinson bars and the wave 
dispersion effect is well taken into account in the data processing. Even larger system 
(60mm diameter Hopkinson bar+clamping device) was also reported and it is proven 
that the plane wave assumption is still valid in this case
[108]
. Figure 2.6a shows the 
overall setup of this testing configuration and Figure 2.6b depicts the photo of 60mm 
large diameter SHPB together with the clamping devices.   
 
Figure 2.6 The schematic drawing of double shearing tests(a) and Large diameters 
Hopkinson bar set-up(b) 
(a)
(b)
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The double shear clamping device is composed of two coaxial pieces made of 
high strength steel. The principle is schematically shown in figure 2.7. 
 
Figure 2.7 Double shear specimen and clamping device 
The inner rectangular part of the specimens clamped by the inner coaxial part 
with griping teeth aligned on the border of the shear area. The two external 
rectangular parts of the specimen are clamped by the external coaxial pieces with 
griping teeth aligned at the boundary. When the two coaxial pieces move relatively, 
the two rectangular zones (width l) between inner and external coaxial pieces are 
sheared.  
Quasi-static tests can be simply performed by putting the clamped specimen into 
a classical hydraulic testing machine. Dynamic tests can be realized by placing the 
clamped specimenin between the two Hopkinson pressure bars. It is of course 
necessary to ensure that the inner and external clamping pieces have the same 
acoustical impedance that equals to the pressure bar’s impedance to avoid spurious 
oscillations. In particular, the studied device is designed for aluminum bars with a 
diameter of 60 mm. Thus, the overall specimen size (Figure 2.7, left) is of 60mm long 
and 30mm high. The clamping pieces have a length of 40mm.Technical details can be 
found in (Merle, 2006)
[109]
.  
However, with this new possibility of shear specimen geometry, it is still 
necessary to respect the limitation of the thickness/width ratio as well as width/length 
ratio of the shear area to prevent the buckling and instabilities
[110]
.  
2.2.3 Double shear test on the SMAT treated AISI304 
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austenitic stainless steel sheet under quasi-static and 
dynamic loading 
2.2.3.1 Specimen and fixture clamping 
The double shear specimen was cut from 1 mm thick raw AISI304  stainless steel 
sheet. Its chemical compositions are the following: Cr (18.3%), Ni (8%), Mn (0.9%) 
and Si (0.6%). Figure 2.8a illustrates the dimension of the specimen with an overall 
length of 62 mm and a width of 30 mm. The shear zones marked with a width of 3 
mm has a reduced length of 20 mm in order to obtain a better clamping condition.  
Shear zones can be SMAT treated on the both sides. A photo of the SMAT 
treated specimen as well as the details in the shear zones are presented in figure 2.8b.  
 
Figure 2.8a  
 
Figure 2.8b Photo of specimen and the detail of SMATed shear zone 
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Figure 2.9 shows the clamping devices composed of inner pieces, outer pieces,  
 
Figure 2.9 Double shearing specimen and fixture clamping device 
positioning flange, zigzag clips for avoiding glide between the clamps and the 
specimen. Bolts of M8 are used to fix the specimen in the clamps. 
An additional device is used in the assembling procedure in order to guide all the 
clamping pieces and to ensure the parallel end faces between the inner and external 
clamping pieces(Figure 2.10). A moment of 20Nm is applied on the bolts, which is 
found as a good compromise to avoid the damage caused by zigzag clips on the 
specimen. 
 
Figure 2.10 Located devices for the shearing test 
2.2.3.2 Quasi static and impact loading details 
 
Inner piece 
Outer piece 
Specimen 
F 
Bolts 
Zigzag clips 
Positioning flange 
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The assembly of the clamping device and the SMAT treated AISI304 austenitic 
stainless steel specimen can be put in the universal Tension/Compression 
INSTRON3369 machine to perform quasi static double shear test. The force and 
displacement is directly measured by testing machine. Anyway, to ensure the accurate 
experimental results, the machine rigidity is measured before testing. In the data 
processing, the deformation of the crossbeam is then removed. 
It can be also placed in between the 60mm Aluminum Hopkinson bar including 
an incident bar of 4500 mm long and a transmitted bar of 2000 mm (as shown in 
Figure 2.6) to perform dynamic tests. The tension impulses of three basic waves are 
recorded by the signal acquisition chain. 
2.2.3.3 Data processing details for impact double shearing tests 
As aforementioned, the use of large diameter Hopkinson bar will lead to wave 
dispersion. Careful data processing is needed to obtain accurate results. For example, 
the correction of this dispersion effect on the basis of a generalized Pochhammer’s 
wave propagation theory is consequently performed in data processing. Besides, the 
calibration of the measuring chain is quite important in order to obtain credible 
experimental results because many factors such as the coefficient of gauges, gain of 
the amplifier might vary with time.  
With all the necessary precaution on the signal processing, the measured tension 
corresponding to the three basic waves (incident, reflected and transmitted) can be 
converted to strain and time shift correctly to the bar specimen interfaces. It is noted 
that the clamping device is considered as a short extension of the pressure bars 
because their acoustic impedance is the same as the pressure bar.   
Figure 2.11 depicts these three waves. There is no sharp peak related with a bad 
contact, nor high-frequency oscillations related with the successive reflections within 
the clamping device. These waves demonstrated influences of the complex clamping 
device could be more or less neglected.  
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Figure 2.11 Curves of stress wave in the specimen 
The force and the velocity on the specimen-bar interface can be calculated from 
the three waves by formulas (2.7). 
                     ( )    (  ( )    ( ))             ( )    (  ( )    ( )) 
        ( )      ( )                       ( )      ( )                   (2.7) 
Figure 2.12 shows the two forces time history. It can be seen that an equilibrium 
state is rather rapidly reached.  
 
Figure 2.12 Comparison of input force and the output force 
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The displacement can be calculated by the time integral of the difference of 
input and output velocities(Equation 2.8),  
 ( )  ∫ (       ( )        ( )  )
 
 
                     (2.8) 
A relationship between force and displacement time history can be obtained as 
in a quasi-static test (Figure 2.13).  
 
Figure 2.13 Curve of displacement and force 
2.2.3.4 Average nominal stress-strain relation  
From the basic measurements of such a test which are the force F and the relative 
displacement d of the shear zone (see also Figure 2.14), a nominal stress/strain 
relation can be extracted. It is noted that the impact shear test provides rather 
indirectly the measurement of force and displacement as shown in the previous 
sections while the quasi-static test provides them directly. 
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Figure 2.14 The schematic drawing of simple plane shear 
Actually, one can assume for the simplicity a pure shear state where the strain 
state and stress state are expressed as following,  
   
 
 
[
   
   
   
]       [
   
   
   
]                                 (2.9) 
where γ= d/l is the shear strain. Classical equivalent strain can be calculated with the 
measured displacement d (Equation 2.10) and equivalent stress with the force F 
(Equation 2.11 ) if von Mises criterion is assumed.  
    
 
 √ 
                                                      (2.10) 
     √    
 
 
                                             (2.11) 
Figure 2.15 shows this stress strain curve. 
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Figure 2.15 Equivalent stress and equivalent strain with strain rate of 420 / s 
2.3 Nominal results of rate sensitivity SMAT treated 
AISI304 austenitic stainless steel sheet  
Following strictly the aforementioned experimental procedure, tests are 
performed at 5 different loading velocities (0.001 mm/s, 2.92 m/s, 3.4 m/s, 4.82 m/s 
and 4.87 m/s). In order to evaluate the efficiency of the clamping device, the 
interrupted tests with loading-unloading cycle under small deformation have been 
executed under quasi-static loading. After unloading, the clamping device is 
amounted and photos of permanently deformed specimen are taken.  Figure 2.16 
depicts the nominal stress-strain curves of the interrupted tests compared with a 
continuous test. It appears that the repeatability of those shear tests are good and it 
indicates the clamping device are rather reliable.  
Figure 2.17 (a-d) shows the photos of specimen after the 4 strain steps. It is 
found that there is almost no slip between the specimen and the clamping device when 
shear strain is still limited (Figure 2.17(a)-(c)). These photos reveal also (Figure 
2.17(d)) the clamping efficiency is surely not acceptable when the shear strain exceed 
a certain limit.  
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Figure 2.16 Experimental results comparison of interrupted test and continuous test under 
quasi-static loading 
 
 
Figure 2.17 The deformation of specimen for interrupted test 
The equivalent nominal shear stress and shear strain relation are also obtained 
from the SHPB tests, following the data processing procedure presented previously. 
The loading rates of 0.001 mm/s, 2.92 m/s, 3.4 m/s, 4.82 m/s and 4.87 m/s 
correspondent to equivalent strain rate of 0.0002/s, 420/s, 500/s, 740/s and 760/s. 
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 Figure 2.18 presents all the equivalent nominal shear stress and shear strain 
relations from quasi-static tests to SHPB tests. An important rate sensitivity is found 
for this SMAT treated AISI304 austenitic stainless steel sheet.  
 
Figure 2.18 Comparison of the equivalent stress and equivalent strain under quasi-static and 
dynamic loading 
Figure 2.19 depicts the rate sensitivity of the raw AISI304 austenitic stainless 
steel found in the literature
 [111]
. 
 
Figure 2.19 True stress-strain curves of AISI304 under different strain rates
[111] 
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In order to compare the strain rate sensitivity of the two material states, Figure 
2.20 gives a comparison of the rate sensitivities of the SMAT treated AISI304 
austenitic stainless steel and the raw AISI304 austenitic stainless steel found in the 
literature. It is demonstrated that the SMAT treated AISI304 austenitic stainless steel 
is much more rate sensitive than that of raw material. It is noticed that SMAT treated 
AISI304 austenitic stainless steel sheet still has good ductility. The plastic strain 
under dynamic loading can be achieved over 50%. 
 
Figure 2.20 Comparison of logarithmic yield stress for different strain rates 
2.4 Summary 
In order to characterize the overall rate sensitivity of the SMAT treated AISI304 
austenitic stainless steel sheet, the double shear tests are chosen using SHPB and a 
specially designed clamping devices. In this chapter, SHPB technique and the plane 
shear test are briefly reviewed.  
Adopted testing procedures, especially for the impact SHPB test are described in 
detail. Double shearing tests on SMAT treated AISI304 austenitic stainless steel sheet 
are performed at quasi-static loading and dynamic loading rates (0.001 mm/s, 2.92 
m/s, 3.4 m/s, 4.82 m/s and 4.87 m/s). Interrupted test under quasi-static loading were 
also made to check the clamping efficiency. Experimental results show that the 
overall rate sensitivity of the SMAT treated AISI304 austenitic stainless steel sheet is 
much higher than that of raw AISI304 austenitic stainless steel.  
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Chapter 3 Comprehensive analysis of impact 
double shear tests 
3.1 Validity of stress-strain curve obtained from double 
shear test 
In the chapter 2, the double shear testing results on the SMAT treated AISI304 
austenitic stainless steel sheet led to equivalent stress-strain relation under following 
assumptions:  
(1) For early stage of the loading (at very small strain level, say the yield stress), 
the equilibrium state is reached within the shear zone and an average stress strain 
curve do represent the constitutive relation of tested material. 
(2) For the large strain level, the small strain assumption will not induce 
significant error. 
Unfortunately, such assumptions are evidently not exact, and it is then crucial to 
evaluate them. For this purpose, Rusinek and klepaczko
[110-112]
 performed a numerical 
analysis of the shear area to evaluate the homogeneous state level of the strain and 
stress field in the shear area and found that they were not as homogeneous as expected. 
The non-homogeneous strain field was also experimentally proven by the successive 
digital image correlation measurement in the studies of Merle and Zhao
 [108-109,113-114]
. 
Besides, this simulation showed a significant gap between given constitutive law and 
the stress-strain relation obtained from simulated forces and displacements. Thus, 
coefficients (which is a function of the shear strain level) based on numerical 
simulations were proposed to fill in the gaps in stress as well as the strain. Such a 
concept of corrective coefficients is still used nowadays
[110-113]
. For instance, Guo
[104] 
performed the dynamic shearing tests on small double shear specimens and 
determined corrective coefficients by experimental and numerical methods under 
dynamic loading. The modified formulas with coefficient factors will be shown in 
(3.1) and (3.2) as following: 
   ̅ 
 
 
                                                       (3.1) 
   ̅ 
 
 
                                                       (3.2) 
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where,  ̅  and  ̅  are respectively the coefficient factors for shear stress and shear 
strain,   is the force loaded on the shear zone of the specimen,   is the area of 
specimen cross section for shear force,   and    are respectively the deformation of 
shear zone and length of shear zone.  
Nevertheless, such a ‘state-of-art’ is not satisfactory for many reasons. Actually, 
the numerical reference is a simple shear area model. The stiffness of the clamping 
device is not taken into account, especially for the impact loading where the transient 
effect in the clamping device is not clear at all. Another possible discussion lies in the 
usual formulas relating forces and displacement to the shear stress and strain, 
especially under large strain.  
In this chapter, we aims at numerical analysis of the experimental conditions of 
this plane shear test. First of all, the homogeneity of the shear zone is evaluated by 
simulation of the shear zone only. A complete numerical model (clamps+specimen) is 
proposed to evaluate the influence of the stiffness of the clamps in quasi-static and 
impact loading cases. An analysis of large strain deformation is also developed and it 
leads to the natural cancellation of correctives coefficient of strain.  
3.2 Numerical evaluation of shear zone homogeneity 
In order to evaluate the homogeneity of the shear zone, a simple numerical 
simulation of a rectangular shear specimen with 3 mm width and the length varying 
from 20 mm to 120 mm is performed. The numerical model is constructed in 
ABAQUS/standard code with the 8-node linear brick elements with reduced 
integration and hourglass control (C3D8R). The use of 3D brick element is motived 
by the small element size compared to the thickness of specimen. Another reason is to 
avoid simplified large strain treatments in some type of shell elements used in explicit 
version.  
Figure 3.1 shows schematically the FEM model. The element size is 0.4mm×
0.375mm×0.3333mm. The clamping boundary condition is applied to one edge of 
rectangular shear specimen, while a velocity of 0.001 mm/s was imposed on the nodes 
of the opposite edge.  
The constitutive relation used in this simulation is extracted from double shear 
testing curve of SMAT treated steel
[115] 
(Figure 3.2). 
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Figure 3.1 Schema, the meshes and the element sizes of the specimen for the numerical model 
 
Figure 3.2 Prescribed constitutive relation 
It is noted that the real testing condition is not a pure shear condition because 
lateral motion of the coaxial clamping devices is not possible. There are then more 
and more tension components when the strain increases. Figure 3.3 depicts the 
average value of all the elements of different components of stress and strain tensors. 
The tensile component is rather small but always exists. 
It should be also noted that the state of strain and stress is never homogeneous 
because of the free boundary conditions. Figure 3.4 shows the average value of the 
equivalent stress and equivalent strain of all the elements in the lines at the top surface, 
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at a distance of 1.25mm and 2.5mm from the top free surface and at the center (see 
Figure 3.1(a)) in the case of a shear area length of 20mm. The state of stress and strain 
is clearly not homogeneous. 
 
Figure 3.3 Average value of stress and strain components 
 
Figure 3.4 Equivalent stress and strain at different locations 
Such gaps between real testing condition and idealized pure shear assumption 
cannot be avoided. Even though a long specimen length of 120mm (6 times) is used, 
the overall error will not be significantly reduced. Figure 3.5(a) provides an overall 
comparison between the numerically calculated force (scaled with length ratio) and 
the prescribed force obtained by applying the Equation(2.11) to the prescribed 
constitutive relation. The relative error can be defined and depicted in Figure 3.5(b), 
where the improvement is rather limited. 
Consequently, 20mm or 30mm length are often adopted and the corrective 
coefficients are used to fill in the gaps. Figure 3.6 depicts respectively the numerical 
average equivalent stress compared with nominal stress calculated by Equation(2.11) 
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and the average numerical equivalent strain compared with nominal strain 
(Equation(2.10)). 
 
Figure 3.5 Forces and numerical errors for different lengths of shear zone 
It seems that the commonly used corrective coefficient for stress is not needed if 
the average equivalent stress in the whole specimen is used instead of equivalent 
stress at the central part of the specimen (see also Figure 3.4 left). However, a 
multiplying coefficient applied to nominal strain seems to be necessary.  
 
Figure 3.6 (a) 
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Figure 3.6 Comparison between numerical results(a) and nominal stress and strain(b) 
3.3 Numerical analysis of the influence of the clamping 
device 
From aforementioned analysis, the corrective coefficients include the eventual 
imprecision of the used numerical model. An evident source of numerical errors lies 
in the ignorance of the clamping device. A complete model including grips as well as 
the specimen is then built. In order to minimize the influence of the contact, the fixing 
bolts in all clamping pieces are not taken into account. 
An overall view of the FEM model is shown in Figure 3.7.  
 
Figure 3.7 Complete numerical model 
 
(a) (b) 
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The convergence study on element size indicates that elements of 0.4 mm in the 
shear area are small enough to achieve the reliable results within an acceptable 
calculation time. The element size is same with the case of simple model. 
The constitutive parameters for the two types of model are shown in table 3.1. 
Table 3.1 Constitutive parameters for the model 
Components Young’s 
Modulus E 
(GPa) 
Densityρ 
(kg/m
3
) 
Poisson’s 
ratio 
Clamps 210 7800 0.3 
3.3.1 Quasi-static test simulation 
For the quasi-static simulation, the external clamps are fixed for all nodes 
situated at the bottom surface. A constant velocity of 0.001mm/s is prescribed on the 
top surface of the inner clamp. Surface-to-surface contact with penalty contact method 
is used for all the contact faces between the specimen and clamps. No slip is allowed 
between the two grips and the specimen. 
Figure 3.8 and Figure 3.9 give the contour plots of the equivalent Von-Mises 
stress and the shear strain at two nominal strain levels corresponding to a 
displacement of 1mm and 3mm.  
They can be compared with the results obtained with the simple model presented 
in the section 2 (superimposed in the central part of the specimen). One can see that 
the contour shapes and their values between those two models are nearly the same, 
which indicates a limited influence of the clamps. It is worthwhile to notice that the 
strain contour plot outside the rectangular shear zone is due to the deformation of 
clamping pieces because of the clamping reaction forces. It means that the clamping 
pieces undergo a deformation that results in a less rigid boundary condition.  
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Figure 3.8 Von Mises stress comparison between the simple model and complete model 
 
Figure 3.9 Shear strain comparison between the simple model and complete model 
The detailed quantitative comparison between the simple rigid model and the 
complete model are also depicted in Figure 3.10.  
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Figure 3.10 Comparison between the simple model and complete model of the stress components 
(a),(c),(e) and strain components (b),(d),(f) of different positions of the shear zone 
 
(a) (b) 
 
(c) (d) 
 
(e) (f) 
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At different places in the specimen, all the components seem only have 
negligible difference.  
If we compare the numerical result with the prescribed force, the result of simple 
model agrees well with that of complete model. However, at rather small strain, the 
two models differ because of stiffness exaggeration of clamping pieces in the simple 
model. This leads naturally to different slopes of the elastic stage(see Figure 3.11).  
 
Figure 3.11 Overall comparisons between the simple model and complete model 
3.3.2 Impact test simulation 
Numerical analysis of the complete model under impact loading is performed 
with Abaqus/explicit. The material parameters (rate insensitive) and element size are 
the same as that of quasi-static case. Input and output velocities measured in a real 
SHPB test are prescribed at the two opposite ends of clamping device (see Figure 
3.12). The input velocity is under 3 m/s, which is rather small for a classical SHPB. 
However, it leads to a shear strain rate around 1000 1/s because the gage length 
(width) in the shear configuration is only 3mm. 
 
(a) (b) 
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Figure 3.12 The prescribed velocities 
The average value of stress components (Figure 3.13a) and strain components 
(Figure 3.13b) under impact is compared with these values under quasi-static loading. 
It indicates that the effect of clamps is very small in the shearing area. The detailed 
comparison at different positions of all the components in these two loading cases 
shows that the stress and strain distributions are nearly the same (Figure 3.14). 
 
Figure 3.13 Stress and strain components for quasi-static and dynamic models  
 
(a) (b) 
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Figure 3.14 Comparison between the quasi-static model and dynamic model of the stress 
components (a),(c),(e) and strain components (b),(d),(f) of different positions of the shear zone 
 
(b) (a) 
 
(c) (d) 
 
(e) (f) 
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Above simulated results imply that the transient effect inside the shear area of 
the specimen is negligible and a somehow equilibrium state has achieved quite 
quickly. Figure 3.15 illustrates this process inside the specimen. 
It can be seen in Figure 3.15 that at 18microseconds (a), the specimen is not yet 
loaded. At 19microseconds (b), the shear start from corner in contact with the inner 
grips propagating not only horizontally towards the external grips by the shear wave 
but also vertically along the inner grips because of the compressive wave within the 
massive inner grips. At 20microseconds (c), it is clear that the compressive wave in 
inner grips is dominant. At 22 microseconds (d), all the shear area is nearly 
homogeneous. Within 4 microseconds which is the time needed for the compressive 
wave to pass through the 20mm length of the shear area, the shear area is likely to be 
loaded homogeneously. Such processes repeat during the rising time of prescribed 
velocity (40microseconds, see Figure 3.12). This may explain why the stress and 
strain fields within shear area are hardly affected by the impact loading.  
Unfortunately, such a quick equilibrium state does not mean that the transient 
effect in the clamping pieces is not important. Figure 3.16 illustrates the compressive 
wave propagating in the inner grips as an example. The wave needs more than 6 
microseconds to go through the clamping pieces. 
 
 
 
(a) (b) 
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Figure 3.15 The contour plot of shear stress on the shear zone at different moments 
 
  
Figure 3.16 Contour plot of compression wave stress marching on the inner clamp 
 
(c) (d) 
 
(c) (d) 
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Figure 3.17 Compression wave stress on four nodes of outer surface of the inner clamp 
Figure 3.17 depicts the stress time histories at different positions of the inner 
grips. Point 4 is the free surface so that the stress is zero. Point 1 is the place where 
the input force is calculated. As the other points, oscillations are found during all the 
testing time. There are roughly 7 periods in 200microseconds. A round trip is likely to 
be made in about 28 microseconds. The time delay between different points can give 
a more accurate evaluation of the compressive wave speed. A value of 5882m/s is 
found and it matches roughly the waves speed in a short cylinder (Figure 3.17). 
Therefore, a round trip of 28microseconds corresponds to a distance of 164mm, which 
is roughly the distance of a round trip inside inner and external grips (2x(40+40)mm). 
In order to further prove that this oscillation is due to the wave traveling within 
the clamps, a simulation for the clamps with a Young’s modulus 100 times high at 
21000 GPa is performed. The wave speed is then 10 times quicker. Figure 3.18 shows 
the comparison of the two simulations as well as the prescribed force. One can see 
that the transient effect could dramatically affect the measured force. The input force 
cannot be used at all because of the wave superimposition. The output force is likely 
to be less affected because there is only a time shift if no impedance jumps between 
clamps and pressure bar. However, the early stage is more questionable. It is noted 
also that the important spurious oscillations is surely exaggerated in the numerical 
model where all the contact is hard. In the real test, such oscillation is not observed, 
likely to be mechanically absorbed. 
Chapter 3 Comprehensive analysis of impact double shear tests 
 54 
 
Figure 3.18 Comparison of output force with different Young’s modulus defined 
3.4 Large strain definition used in FEM codes and strain 
corrective coefficient 
As mentioned in section 3.1, the corrective coefficients include not only the error 
of numerical model but also the error in the way that the nominal stress and strain are 
calculated. It is natural to ask whether the Equations (2.10 and 2.11) are the best way 
to calculate the nominal strain and stress, especially at high strain levels? Actually, 
the default strain definition in most FEM codes and in all the explicit codes (at least 
for 3D brick elements) is the cumulated Eulerian strain obtained by integrating the 
symmetric part of velocity gradient. If there is a rotation or precisely vorticity, which 
is the case of plane shear testing, this integration should be made in a corotational 
frame where the vorticity is zero to ensure the objectivity of the cumulated strain 
[116]
.  
As the constitutive relation are naturally used in the FEM code, it is important to 
formulate and experimentally identify such a relation using the same stress and strain 
definition. The following theoretical analysis provides the formulas to calculate this 
Eulerian cumulated strain from displacement d (Figure 2.14) directly measured during 
testing. Besides, this analysis demonstrates also why the tension part becomes more 
and more important (shown in Figure 3.3). 
Actually, if we take a fixed reference frame R( ⃗   ⃗   ⃗ ) as shown in Figure 2.14, 
the velocity field in plane shear testing reads: 
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)                                                       (3.3) 
where,     ⁄  is engineering shear strain. 
The velocity gradient can be expressed as a sum of its symmetric part, the rate of 
deformation , and its anti-symmetric part, the vorticity  
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The vorticity in this frame is then not zero. The cumulated Eulerian strain cannot 
be calculated in this frame. In order to find the needed frame without vorticity, we 
rotate frame R(  ⃗   ⃗   ⃗ ) around  ⃗  with an angle  ( )to define a new reference 
frame   ( ⃗   ⃗   ⃗ ). Thus, the velocity field in this new frame can be expressed in the 
coordinate system ( ⃗   ⃗   ⃗ ) as : 
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The rate of deformation D and vorticity Ω in this rotating frame is calculated by 
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As we aim at finding a reference frame where the vorticity should be zero, this angle 
(t) should satisfy 
     
 
 
 
Thus, the rate of deformation and vorticity are calculated in this specific reference 
frame   . 
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By integrating      with time t, the strain tensors in  
  can be found: 
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The projection of strain tensor to the coordinate system ( ⃗   ⃗   ⃗ ) it leads to 
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]                            (3.9) 
Thus, for the simple plane shear test, the von-Mises equivalent strain for this Eulerian 
cumulated strain tensor will be the following: 
    √
 
 
(      )                                      (3.10) 
Figure 3.19 shows the comparison of the nominal equivalent strain calculated by 
(Equation 3.10) with the numerical average equivalent strain. There is nearly no gap 
and this implies that the main gap is actually due to a misunderstanding of the strain 
definition in the FEM codes in the large strain configuration. It implies that the non-
homogeneous state of strain is not the main factor of the gaps found in previous works. 
 
Figure 3.19 Numerical results compared with nominal strain 
Finally, if the Euleiran cumulated strain is used to calculate nominal strain from 
experimental displacement data and the average equivalent stress in all the shear area 
is used, the corrective coefficients are no longer needed. Figure 3.20 depicts the 
comparison between the prescribed force/displacement relation (which is used to 
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calculate stress-strain relation for numerical models) and the calculated 
force/displacement curve from the numerical model and they agree very well. 
 
Figure 3.20 Comparison of modified numerical result and experiment result 
3.5 Application to SMAT treated AISI304 austenitic 
stainless steel sheet 
Above complete analysis of shear testing conditions shows that even there is 
no a homogeneous shear zone, the average equivalent shear stress-shear strain 
relation reflect well the test material behavior and the clamping device have very 
limited influence on this result. However, the Eulerian cumulated strain should be 
used for large strain. 
The rate sensitivity obtained in Chapter 2 for the SMAT treated AISI304 
austenitic stainless steel sheet does not take into account of the analyses developed 
in section 3.4. Therefore, these results should be recalculated using Eulerian 
cumulated equivalent strain. 
Figure 3.21 shows all the equivalent nominal stress and Eulerian cumulated 
equivalent strain which calculated by Equation (3.10) relations from quasi-static and 
SHPB tests.  
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Figure 3.21 Comparison of the equivalent stress and equivalent strain under quasi-static and 
dynamic loading 
3.6 Summary 
The double shear tests for sheet metals are investigated numerically and 
analytically in this paper in order to understand and improve actual data extracting 
method. The main points are the following: 
i) The clamping device has been added in the numerical model devoted to find 
commonly used corrective coefficients to extract stress-strain relation in such test. 
Under quasi-static loading, Taking account of the clamps leads to a less rigid 
boundary condition on the shear area. It leads to an additional error on the early stage 
of the test (elastic part). 
ii) Under impact loading, the shear loading in the shear area is mainly guided by the 
compressive wave within the massive clamping pieces. The equilibrium within the 
shear area is quickly attained. However, the transient effect due to wave propagating 
between the clamping pieces leads to important oscillations. 
iii) The cumulated Eulerian strain should be used to calculate the nominal strain in 
such test. With this cumulated Eulerian strain and Cauchy stress derived from 
experimental displacement/force recording, it is possible to repeat numerically the test. 
It implies that all the corrective coefficients commonly used for this test are no longer 
needed. 
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Chapter 4 Parameter Identification of a multi-
layers elastic-plastic damageable model for 
SMAT treated AISI304 austenitic stainless steel 
sheet 
4.1 Multi-layers geometry and the elastic plastic 
parameters of each layer. 
As mentioned at the beginning, the final aims of this Ph.D research is to better 
understand the quasi-static and impact behavior of SMAT treated AISI304 austenitic 
stainless steel sheet and to build a reliable constitutive model. With this constitutive 
model, the response of structures made of SMAT treated AISI304 austenitic stainless 
steel sheet can be predicted. Furthermore, prospective studies on the influence of the 
properties gradient can be performed and gradient adaptive designs become possible.  
For this purpose, we aimed at building a multi-layers elastic-plastic damageable 
model for SMAT treated AISI304 austenitic stainless steel sheet behavior in this 
chapter. Thus, the starting point is the tensile testing results on SMAT treated 
AISI304 austenitic stainless steel sheet after removing different depth of treated 
surface, already described in the introduction. 
Actually, it is not easy to obtain the constitutive law of each layer of SMAT 
treated sheet metals because of the difficulties of separating each layer from the whole 
structures. Such a process via removing different layers step by step and tensile 
experiments of the specimen after outer surface removal is the only available 
procedure to get quantitative information of the layers geometry and its mechanical 
properties
[117-118]
. 
Figure 4.1 recalls the typical true stress strain curves of various tensile tests, 
where the four following types of specimen are used: 
(1) 1mm thick AISI304 austenitic stainless steel as received;  
(2) 1mm thick AISI304 austenitic stainless steel with SMAT at both sides;  
(3) 0.7mm thick AISI304 austenitic stainless steel with SMAT at both sides and 
removed the upper and lower surface of 0.15mm each. 
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(4) 0.5mm thick AISI304 austenitic stainless steel with SMAT at both sides and 
removed the upper and lower surface of 0.25mm each. 
 
Figure 4.1 True stress-strain curves of the treated and as-received AISI304 stainless steel  
of 1mm thickness and different testing states of specimens 
It is obvious that the geometry of layers in the prospective model should 
correspond to the removal thickness. Therefore, we propose a model with five layers: 
a core layer of 0.5mm in the center, two adjacent transition layers of 0.1mm and two 
external top hard layers of 0.15mm. 
From figure 4.1, it is easy to make a curve fitting to the simple elastic-plastic 
Ludwig model as given in equation (4.1) 
       
                        (4.1) 
The curve fitting provides parameters expressed as follows,  
        (       
    )                                 (4.2) 
            (       )                                (4.3) 
        (        )                                 (4.4) 
        (        )                                 (4.5) 
From these parameters, if we suppose the behavior of each layers has the same 
type of expression, the elastic-plastic relations of each layer can be derived 
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individually. Actually, the core layer behavior is already known from Equation 4.5, 
the transition layer behavior can be easily determined from Equation 4.4 and finally 
that of the top hard layer from Equation 4.3. The parameters of each layer are given in 
Table 4.1  
Table 4.1 Elastic-plastic parameters of different graded layers 
Components Top layer Transition layer Core layer 
A 1122.3 924 665 
B 1021.3 1894.2 1363.3 
Figure 4.2(a) depicts an illustration of the yield point of each layer whereas the 
hardening behavior is plotted in Figure 4.2 (b).  
 
Figure 4.2 Yield stresses (a) and hardening (b) of layers 
4.2 Determining the damage evolution and fracture strain 
of each layer 
4.2.1 Inverse identification by numerical simulation 
Elastic plastic parameters of each layers is easily found because each layer is 
considered as homogeneous at this stage of strain. However, the fracture feature is a 
localized parameter, the apparent fracture strain in Figure 4.1 do not offer an evident 
assessment of fracture parameters in each layer. An inverse identification using 
Chapter 4 Parameter identification of a multi-layers elastic-plastic damageable model for SMAT treated AISI304 
austenitic stainless steel sheet 
 62 
numerical simulation is unavoidable. 
ABAQUS/Explicit was used for establishing models to simulate the tensile tests. 
Actually, material failure and element degradation often leads to severe convergence 
difficulties in ABAQUS/implicit, while such problems do not exist in explicit analysis. 
The tensile dog-bone specimen model is shown in Figure 4.3. The constitutive 
parameters are listed in Table 4.1. 
 
Figure 4.3 The model for tensile simulation and meshes 
Eight-node reduced integration 3D brick elements were used to generate the 
model. In order to achieve the boundary condition consistent with the real tensile tests 
(see Figure 4.5), the left part of the model is fixed as the clamping boundary condition 
and  a velocity of 0.5mm/s corresponding with equivalent strain rate of 10
-2
 s
-1
 loaded 
in axial direction on the right part.  It was divided in five graded layers in the 
thickness direction. The thickness of the upper surface layer, the adjacent transition 
layers and the core layer are 0.15mm, 0.1mm and 0.5mm respectively. It is easy to 
construct then the numerical models for 0.7mm specimen as well as the 0.5mm core 
only model. 
We chose to use ABAQUS/Explicit because of its computationally efficiency for 
the problem involving the damage evolution till fracture.  However, 
ABAQUS/Explicit is conditionally stable, and the stability limit is estimated by 
follow: 
   
  
  
                                                          (4.6) 
   √
 
 
                                                         (4.7) 
Encastre
Velocity
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where,    is the smallest element dimension in the mesh,    is the wave speed. t  is 
usually a small value which makes ABAQUS/Explicit only suitable for high speed 
impact problems,   is the density. 
For our quasi-static simulation, ABAQUS/Explicit provides an automatic mass 
scaling technique, which can be used to increase the time increment to an acceptable 
value by enlarging material density. From the two equations above, if artificially 
increasing the material density   as    times, then the velocity will be reduced   
times, which could enhance the stable increment step as  times. The quasi-static 
loading conditions are guaranteed by ensuring a small ratio the kinetic energy/the 
strain energy with the chosen time increment.  
The time increment in this work is enlarged to be 100μs. The ratio the kinetic 
energy/strain energy is around 10
-4
 with this chosen time increment (see Figure 4.4).  
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Figure 4.4 Comparison of kinetic energy and internal energy using mass scaling 
4.2.2 Selected damage model 
The isotropic ductile damage model available in ABAQUS/explicit is chosen. It 
is assumed that the degradation of the stiffness associated with each active failure 
mechanism can be modeled using a scalar damage variable D, capturing the combined 
effect of all active mechanisms. At any given time during the analysis the stress tensor 
in the material is given by the scalar damage equation,  
    (   )   
    (            )                        (4.8) 
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where, D is the overall damage variable and    
  is the effective (or undamaged) stress 
tensor computed in the current increment. D can monotonously change from 0 to 1. 
An important thing is to define the criterion for damage initiation. It is the point 
when the damage mechanism will start. Equation (4.9) expresses this condition.  
   ∫
  ̅  
 ̅ 
  
(   ̇̅  )
                                              (4.9) 
where,      ⁄  is stress triaxiality,   is hydrostatic pressure,   is Von Mises 
equivalent stress,  ̇̅   is equivalent plastic strain rate,    is a state value ，
monotonically increasing with plastic deformation. In practice, this criterion can be 
simply characterized by a coefficient called the strain at fraction          in 
ABAQUS/Explicit.  
After this starting point, the damage will vary following a damage evolution law 
to be defined. ABAQUS propose an exponential damage evolution law (Equation 
4.10).  
  
   
  ( ̅   ̅
 
  
⁄ )
     
                      (4.10) 
In practice, this evolution is determined by two parameters: the relative plastic 
displacement at failure   ̅ 
  
 and the exponent  .  
Therefore, the entire numerical processing can be shown by Figure 4.5, which 
illustrates the characteristic stress-strain behavior of a material undergoing damage.  
 
Figure 4.5 Stress-strain curve with progressive damage degradation(a) and Exponential form  
for damage evolution(b) 
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In the context of an elastic-plastic material with isotropic hardening, the damage 
manifests itself in two forms: softening of the yield stress and degradation of the 
elasticity. The solid curve in the figure represents the damaged stress-strain response, 
while the dashed curve is the response in the absence of damage. When the criterion 
(Equation 4.10) is satisfied, D = 0 and the damage starts, then with the increase of 
loading, the damage evolution go along the path defined (figure 4.5(b)). When D = 1, 
the overall damage happened. By default, the element is removed from the mesh if all 
of the section points at any one integration location have lost their load-carrying 
capacity. 
4.2.3 Simulated results and identified parameters 
The numerical simulations of three cases (case A, 1mm specimen; case B, 
0.7mm specimen, case C, 0.5mm core only specimen) have been realized respectively. 
Material parameters to be given to ABAQUS/Explicit are listed in the following table 
4.2. 
Table 4.2 Parameter needed to elastic plastic damage model 
Components Each gradient layer 
 (     ) Density 
 (   ) Young’s modules 
  Poisson’s ratio  
A(MPa) 
B(MPa) 
n 
Yield stress 
Hardening coefficient 
Hardening exponent 
          Damage starting strain level  
  Triaxiality coefficient 
  ̅ 
  
 Displacement at failure 
    Softening exponent 
Figure 4.6(a), (b) and (c) depicts the evolution of equivalent plastic strain for the 
three cases (case A, 1mm specimen; case B, 0.7mm specimen, case C, 0.5mm core 
only specimen). 
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Figure 4.6 Contour of equivalent strain for different cases 
As the elastic plastic parameters of each layer are already known, the inverse 
identification concerns only the damage model parameters (         ,  ̅ 
    ). 
By adjusting these parameters in the three models, one can finally fit 
experimental ductile damage evolution and the final fracture point. Figure 4.7 
illustrates the best fit found and the identified parameters are given in Table 4.3. 
 
Figure 4.7 Comparison of experimental results and numerical results 
Chapter 4 Parameter identification of a multi-layers elastic-plastic damageable model for SMAT treated AISI304 
austenitic stainless steel sheet 
 68 
Table 4.3 Input parameters of the layers in Abaqus 
Components Top layer Transition layer Core layer 
 (     ) 8000 8000 8000 
 (   ) 200 200 200 
Poisson’s ratio( ) 0.3 0.3 0.3 
A 1122.3 924 665 
B 1021.3 1894.2 1363.3 
          0.35 0.35 0.2 
             0.33 0.33 0.33 
Displacement at failure 20 10 3 
Softening exponent 1 1 5 
4.3 Validation of the identified elastic-plastic damageable 
model 
4.3.1 Quasi-static piercing test 
In order to evaluate the performance of the elastic-plastic damageable model as 
well as the identified parameters given above, a reference structural test is needed. We 
have selected a piercing test of clamped SMAT treated AISI304 austenitic stainless 
steel sheet as a reference test.  
The testing configuration is basically composed of a hollow clamping support 
with 40mm inner diameter and a 60 mm circular sheet specimen. This hollow tube-
like projectile is made from an aluminum tube with a welded bottom plate at one end. 
The circular specimens are mounted between the open end of the aluminum tube and 
an aluminum-clamping ring. The fixture is realized by six uniformly distributed bolts 
slightly tightened. 
Figure 4.8a depicts the scheme of specimen together with the clamping support 
whereas Figure 4.8b shows the photo of this clamping support and the circular 
AISI304 austenitic stainless steel sheet of 60 mm diameter. It can be seen that the 
central part (40mm diameter) are SMAT treated. 
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Figure 4.8 Schematic drawing of projectile (a) photo of projectile and specimen (b) 
The piercing of the plate specimen mounted on the clamping support is 
performed at a velocity of 0.1mm/s by MTS810 testing machine using the indenter 
with diameter of 16mm (Figure 4.9).  
 
Figure 4.9 MTS 810 setup (a) and fixture of the specimen (b) 
In order to evaluate the clamping condition, the interrupted tests were performed 
through loading-unloading cycles with a displacement of 1mm every cycle. After each 
unloading, photos are taken and the clamping condition was checked just like what we 
have done in the double shear testing. No evident slip was observed. The piercing 
displacement and piercing force curves of all these interrupted tests is in good 
agreement with that of the continuous test (Figure 4.10), which indicates a good test 
condition.  
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Figure 4.10 Results comparison of the jumping test and the continuing test 
4.3.2 Numerical models of the piercing test  
Numerical model of this piercing test is built. The specimen/plate was discretized 
by 8-node linear brick elements with reduced integration and hourglass control 
(C3D8R). The 1mm thick plate is modeled with five layers as in the tensile tests 
above: two top hard layers of 0.15mm thick, two transition layers of 0.1mm thick and 
the inner core layer of 0.5mm thick (Figure 4.11).  
 
Figure 4.11 Simulation model under quasi-static loading (a) and  
Mesh configuration of the specimen (b) 
The model is divided into three zones in order to reduce computational time/cost. 
The central zone I is taken as two times larger than that of the penetrator (16mm) to 
(a) (b)
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ensure accuracy of the model where a refined mesh is used to have an element size of 
0.15 mm×0.15 mm×0.05 mm each. Outside this central zone I, larger elements are 
used in ZoneII and ZoneIII. A convergence study on element size shows that the used 
elements are small enough for obtaining reliable results within reasonable calculation 
expense. It is emphasized that the identified constitutive models for each layer listed 
in Table 4.3 are prescribed. Only the stress triaxiality coefficient is set to 0.66 because 
an equal bi-axial tension loading is dominant.  
The indenter is modeled as rigid cylindrical rod with hemispherical head. A 
predefined velocity of 0.1mm/s was applied on the specimen. Surface-to-surface 
contact with penalty contact method is employed. The friction coefficient between 
specimen and the indenter is set to 0, which is corresponding with the real tests where 
the lubricant is applied between the specimen and the hemispherical head. 
4.3.3 Numerical results and comparisons 
Figure 4.12 depicts the piercing force-displacement curve compared to the 
experimental measurement.  
 
Figure 4.12 Comparisons of numerical results and experimental results  
under quasi-static loading  
It can be seen that at the early stage under 6mm displacement, a perfect 
agreement is obtained. It means that the testing condition at this stage is well modeled 
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and elastic plastic part of constitutive model is rather good. However, the numerical 
model underestimates the peak force and the final failure displacement. 
Figure 4.13 depicts the equivalent stress map at the point of final failure 
compared with experimental post-mortem observation. It seems that the damaged 
range corresponds to the observed fracture locations.  
 
Figure 4.13 Comparison of numerical and experimental fracture morphology  
at quasi-static loading 
It is could be concluded that the proposed elastic-plastic damageable constitutive 
model can catch qualitatively the main damage/fracture feature in a 
piercing/indentation test. With the parameters identified using dog-bone tensile testing 
results, this model can quantitatively reproduce piercing force-displacement with a 
reasonable error. 
4.4 Summary 
This chapter presented the parameter identification of a constitutive model for 
SMAT treated AISI304 austenitic stainless steel sheet. The starting point is the tensile 
testing results on SMAT treated AISI304 austenitic stainless steel sheet after 
removing different depth of treated surface. 
An elastic-plastic damageable constitutive model is adopted to describe the 
behavior of each layer. The parameters for each layer are identified using an inverse 
calculation technique. The three-dimensional ABAQUS/Explicit models with mass 
scaling are built for the SMAT treated AISI304 austenitic stainless steel tensile 
( )
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specimen. The best fit of parameters for each layer is obtained by minimizing the 
error between measured stress and calculated stress for the prescribed strain history. 
In order to validate the identified model, a piercing-indentation test is performed. 
Numerical simulation of such a piercing-indentation test using identified multi-layers 
constitutive model shows a good agreement with experimental results, which 
illustrates the efficiency of the proposed elastic-plastic damageable constitutive model. 
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Chapter 5 Anti-perforation performance of SMAT 
treated AISI austenitic stainless steel sheet 
under impact loading and FGM design 
5.1 Impact Piercing tests of SMAT treated AISI austenitic 
stainless steel sheet 
Anti-perforation performance is generally evaluated by shooting a projectile on 
fixed target plate/armor. The projectile can have different shapes warheads (blunt 
head projectile, conical head projectile and spherical head projectile)
[119-123]
. The 
measurement of such a piercing test is rather poor because only the post-mortem 
observation of the target and the residual velocity of the projectile are the main 
available
[124-140]
.  
The main deficiency of classical free flying projectile-target perforation tests 
reported in the open literature is the lack of the force recording during the perforation 
process. An evident solution is to use an instrumented long rod as the projectile, and 
the piercing force is then measurable from recorded wave profiles as in the case of a 
Hopkinson pressure bar. However, it was very difficult to launch a long rod at a 
uniform speed without frictions during the test. In general, a length of several meters 
is necessary because the measuring duration is determined by the length of the rod 
over the wave speed. An alternative is to launch the target to strike the perforating 
long rod
[141]
.  
Therefore, zhao and co-workers proposed an inversed perforation testing set-up 
using a gas gun with a 70mm inner diameter barrel and a 16mm diameter and 6m-
long rod with a semi-spherical nose at its perforating end. The rod is instrumented by 
strain gauges aimed at accurate force measurements during the whole perforation 
process. Figure 5.1 shows an outline and photos of the experimental set-up. Zeng and 
Pattofatto
[29,142]
 successfully realized the study on the energy absorption of sandwich 
structure by using this inverse Hopkinson set-up. 
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Figure 5.1 Scheme of experimental set-up for perforation 
For the penetration tests under dynamic loading, the target plate specimen with 
the hollow tube-like projectile as that used in our quasi-static piecing test (Figure 4.8) 
is launched in the barrel. Two Teflon rings are screwed on the tube which allow for a 
small friction between projectile and the barrel of the gas gun. The tube-like projectile 
strike on the hemispherical head (the same diameter of 16mm with that under quasi-
static loading) Hopkinson bar. The velocity would be obtained from the signals by 
collecting system. Another technical point concerns how to stop the launched 
sandwich sample mounted on the hollow projectile after complete perforation. The 
adopted solution is to use an aluminum honeycomb bumper to absorb the residual 
energy of the sandwich sample and the projectile. Figure 5.2 shows the aluminum 
honeycomb bumper and the semi-spherical nose end of the pressure bar. 
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Figure 5.2 Projectile and Hopkinson pressure bar and experimental setup 
With aforementioned inversed penetration testing set-up, the piercing strain 
impulse  ( ) can be recorded by the strain gauges cemented on the pressure bars. 
Indeed, Hopkinson pressure bar analysis is based on the following basic assumption: 
the waves propagating in the bars can be described by the one-dimensional wave 
propagation theory. According to this wave propagation theory, the stress and the 
particle velocity associated with a single wave can be calculated from the associated 
strain measured by the strain gauges. Therefore, the piercing force and velocity time 
history  ( ),   ( )are calculated by 
 ( )       ( )                           (5.1) 
 ( )     ( )                            (5.2) 
where,    is the cross section area of pressure bar,     is the Young’s modulus of 
Hopkinson  bar,    is the wave speed of Hopkinson bar,  ( ) is the particle velocity 
of Hopkinson. 
           ( )     ∫
 ( )
 
  
 
 
                                     (5.3) 
where,  is a total mass of specimen and impact tube. 
According to formulas above, we can induce the relative displacement with time 
history seen as equation(5.4)： 
 ( )  ∫ (           ( )   ( ))  
 
 
                                (5.4) 
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Typical tension recording from the pressure bar (test at 34m/s) is plotted in 
Figure 5.3. The piercing force as well as piercing displacement can be calculated from 
Eqation (5.1) and (5.4). 
 
Figure 5.3 Typical time-tension recording from the pressure bar 
Figure 5.4 depicts the piercing force-piercing displacement curve obtained in a 
test of 34mm/s. 
 
Figure 5.4 Displacement-piercing force curves under impact loading 
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5.2 Numerical simulation of piercing tests using the a 
multi-layered elastic plastic rate sensitive constitutive 
model  
5.2.1 Numerical model for piercing test 
Numerical model of the impact piercing test is very similar as the quasi-static 
case presented in the chapter 4. The specimen/plate meshing details are the same. 8-
node linear brick elements with reduced integration and hourglass control (C3D8R) 
are used to form five layers of 1mm thick target plate (Figure 5.5). 
 
Figure 5.5 Simulation model under impact loading (a) and Mesh configuration of the specimen (b) 
The indenter is modeled by a rigid cylindrical rod with hemispherical head. A 
predefined velocity of 34 m/s was applied on the specimen. Surface-to-surface contact 
with penalty contact method is employed. The friction coefficient between specimen 
and the indenter is set to 0, which is corresponding to the real tests where the lubricant 
is applied between the specimen and the hemispherical head. 
5.2.2 Rate sensitivity of the multi-layered elastic plastic 
constitutive model  
The rate sensitivity of the SMAT treated AISI304 austenitic stainless steel sheet 
has been experimentally investigated in the chapter 2 using in-plane double shear tests.  
(a) (b)
Chapter 5 Anti-perforation performance of SMAT treated AISI austenitic stainless steel sheet under impact 
loading and FGM design 
 80 
Quasi static and impact stress-strain curves are available for SMAT treated AISI304 
austenitic stainless steel sheet without any removal process as the quasi-static tensile 
tests. Thus, there is only an overall rate sensitivity. Besides, these shear tests do not 
contain any information on the fracture feature.  
Because of this lack of experimental data, following hypothesis are assumed: 
(1) The elastic plastic behavior of each layer has the same rate sensitivity.  
(2) The damage starting point and its evolution under impact loading can be 
described with the same model. However, it might have different parameters. 
Under these assumptions, rate sensitivity of the elastic-plastic damageable model 
can be built. First of all, the damage starting point as well as its evolution parameters 
remains the same as quasi-static ones for each layer. 
The hardening behavior is also supposed to be the same as quasi-static ones; only 
the yield stress varies with strain rate. It corresponds to the experimental results 
recalled in figure 5.6.  
 
Figure 5.6 Comparison of the equivalent stress and equivalent strain under quasi-static and 
dynamic loading 
The constitutive model used under impact situation is listed in table 5.1. 
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Table 5.1 Input parameters of the layers in Abaqus under impact loading 
Components Top layer Transition layer Core layer 
 (     ) 8000 8000 8000 
 (   ) 200 200 200 
Poisson’s ratio( ) 0.3 0.3 0.3 
A 1907.9 1570.8 1130.5 
B 1736.2 3220.1 2317.5 
          0.26 0.29 0.18 
             0.66 0.66 0.66 
Displacement at failure 0.2 0.6 0.6 
Softening exponent 8 1 8 
5.2.3 Numerical results 
Figure 5.7 depicts the equivalent stress map at different loading times: a) the 
indenter just contact the specimen and the stress is zero; b) the indenter head contacts 
the plate and the stress is starting and expanding in radial direction; c) the contact part 
of the indenter and the plate starts to damage; d), the overall failure happens on the 
specimen and the plate finally loses carrying capacity.  
 
(a) (b)
Chapter 5 Anti-perforation performance of SMAT treated AISI austenitic stainless steel sheet under impact 
loading and FGM design 
 82 
 
Figure 5.7 Stress contours of different times 
5.2.4 Comparisons experiment-simulation 
Figure 5.8 depicts the piercing force-displacement curve compared to the 
experimental measurement. It can be seen that at the early stage, a good agreement is 
obtained. It means that the testing condition at this stage is well modeled and elastic 
plastic part of constitutive model is rather good. However, the numerical model 
overestimates the peak force and underestimates the final failure displacement.  
 
Figure 5.8 Comparisons of numerical results and experimental results under quasi-static loading  
(d)(c)
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Figure 5.9 depicts the equivalent stress map at the point of final failure compared 
with experimental post-mortem observation. It seems that the damaged range 
corresponds to the observed fracture locations.  
 
Figure 5.9 Comparison of numerical and experimental fracture morphology at dynamic loading 
5.3 Prospective numerical study on FGM design 
As already mentioned in the introduction, SMAT treatment can be easily 
modulated by the treating intensity and duration. A higher treating intensity might 
lead to a harder top layer while a longer treatment will induce a thicker SMAT layer. 
Therefore, the property gradient can be easily modified. Besides, one side SMAT 
treatment can be made instead of two side treatments. It will lead to a monotonically 
decreasing gradient profile instead of U-form profile. Finally, one can even fabricate a 
gradient profile with a repeated pattern by cold rolling of a stack of SMAT treated 
sheets. 
It is therefore possible to fabricate a FGM sheet with optimized the gradient 
profile for a given application. Taking the anti-piercing performance as an example, 
we can easily simulate the piercing test using various gradient profiles. The simulated 
results will provide a guide of the more efficient gradient type. 
A prospective study on different gradient profile is performed under the 
condition of the constant average strength of a 1mm thick plate.  
The simplest variation from the actually studied SMAT treated AISI304 
austenitic stainless steel sheet is to keep the layers thickness but the yield stress of 
each layer.  
(b)
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Two fictive models are made. One has a sharper yield stress variation than the 
real case and another has a less sharp gradient profile. Of course, the weighted 
average strength of these two fictive models is kept the same as the real case. The 
designed constitutive relations for each graded layer are shown in Figure 5.15 (a), (b) 
and (c).  
 
Figure 5.15 Real gradient(a), Increased gradient(b) and Decreased gradient(c) 
Piercing simulations are made for these two gradient profiles using the same 
numerical model built above with only a gradient profile change. The strain energy 
time history is plotted in figure 5.16. It can be seen that greater strain energy is found 
for a sharper gradient profile.  
 
Figure 5.16 Comparisons of the numerical results of three cases  
5.4 Summary 
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In order to evaluate the anti-piercing performance of SMAT treated AISI304 
austenitic stainless steel sheet, impact piercing tests on target plates were performed 
using a 16mm diameter Hopkinson pressure bar.   
Quasi static and impact double shear testing results presented in Chapter 2 is 
used to build the rate sensitive multi-layers elastic plastic damageable constitutive 
model for the SMAT treated AISI304 austenitic stainless steel sheet. Numerical 
simulation of the impact piercing tests is realized using ABAQUS/Explicit. A good 
agreement between simulated result and experiments is found. It implies that not only 
the proposed constitutive model but also the numerical model of piercing test are 
efficient. 
Finally, a prospective study of the effect of gradient profiles is carried out on the 
basis of the numerical model. 
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Chapter 6 Conclusions and perspectives 
The presented works in this Ph.D dissertation aimed at the comprehensive 
understanding and the constitutive modeling of the mechanical behaviours of the 
SMAT treated AISI304 stainless steel sheet under a large range of loading rates. 
SMAT treated AISI304 stainless steel sheets are multi-layered functionally graded 
materials (FGM). The main research results and conclusions are summarized as 
followed: 
(1) The overall rate sensitivity SMAT treated AISI304 stainless steel sheet is 
characterized by the double shearing tests under quasi-static and dynamic loading 
where a large strain can be achieved without geometry instability. Impact double 
shear test are performed with a large diameter Hopkinson bar system and an adapted 
equal-impedance clamping device. Significant rate sensitivity (about 70% strength 
enhancement) is found. It is also observed that such a rate enhancement does not 
induce an important reduction of the ductility.  
(2) In order to extract accurate material information from the double shear tests, 
their testing conditions are thoroughly analyzed using numerical simulation.  
Numerical models including clamping devices have been built to investigate the 
influence of this clamping device at the early stage of loading. A limited effect was 
found for various imperfect testing conditions such as the clamping device stiffness, 
non-homogeneous stress and strain fields, non-equilibrium state, etc. On the contrary, 
numerical and analytical study shows that the simple small strain assumption usually 
used in double shear tests is not accurate enough. Eulerian cumulated strain definition 
should be used to get consistent numerical results. From this finding, the experimental 
rate sensitivity obtained for the SMAT treated AISI304 stainless steel sheet are 
recalculated. 
(3) A multi-layers elastic plastic damageable constitutive model is proposed to 
model SMAT treated AISI304 stainless steel sheet. The parameters are identified 
using tensile testing results. The elastic plastic behavior is curved fitted with a simple 
Ludwig hardening model. However, the damage parameters should be identified using 
an inverse method on the basis of numerical simulation of these tensile tests. In order 
to validate this multi-layer elastic plastic damageable constitutive model, 
indentation/piercing tests on SMAT treated AISI304 stainless steel sheet are 
Chapter 6 Conclusions and perspectives 
 88 
performed. Numerical simulation of this indentation/piercing tests is also realized. It 
is found that the identified multi-layer elastic plastic damageable constitutive model 
allows a quite accurate prediction of the experimental piercing tests. 
(4) In order to evaluate the impact anti-piercing capacity of the SMAT treated 
AISI304 stainless steel sheet, the impact perforation tests using Hopkinson bar are 
carried out. Numerical simulation of these impact perforation tests are realized with a 
similar FEM model as the quasi-static case. As the rate sensitivity of SMAT treated 
AISI304 stainless steel sheet is experimentally characterized with double shear test, a 
rate sensitive multi-layer elastic plastic damageable constitutive model is introduced. 
The numerical results agree well with the experimental ones, which indicate the 
effectiveness of the numerical model as well as the rate sensitive multi-layer elastic 
plastic damageable constitutive model.  
The presented Ph.D work illustrates the possibility to characterize and to model 
SMAT treated AISI304 stainless steel sheet, which is a easily adaptable functionally 
graded material. The identified rate sensitive multi-layer elastic plastic damageable 
constitutive model can be used to predict various structural responses under quasi 
static and dynamic loading. Even though the testing configurations as well as 
constitutive models are not perfect and can surely be improved in the future, but the 
actual proposed models provide already reasonable predictive simulations.  
The methodology proposed in this work can be easily applied for other FGM 
materials. It does give a new perspective to make numerical graded materials and to 
possibly fabricate a FGM sheet with an optimized gradient profile for a given 
application. Taking the anti-piercing performance as an example, various gradient 
profiles are tested virtually for the piercing tests. Offering a guide of the more 
efficient gradient type is already possible. 
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